The molecular factors regulating adult neurogenesis must be understood to harness the therapeutic potential of neuronal stem cells. Although cyclin-dependent kinase 5 (Cdk5) plays a critical role in embryonic corticogenesis, its function in adult neurogenesis is unknown. Here, we assessed the role of Cdk5 in the generation of dentate gyrus (DG) granule cell neurons in adult mice. Cre recombinase-mediated conditional knockout (KO) of Cdk5 from stem cells and their progeny in the DG subgranular zone (SGZ) prevented maturation of new neurons. In addition, selective KO of Cdk5 from mature neurons throughout the hippocampus reduced the number of immature neurons. Furthermore, Cdk5 gene deletion specifically from DG granule neurons via viral-mediated gene transfer also resulted in fewer immature neurons. In each case, the total number of proliferating cells was unaffected, indicating that Cdk5 is necessary for progression of adult-generated neurons to maturity. This role for Cdk5 in neurogenesis was activating-cofactor specific, as p35 KO but not p39 KO mice also had fewer immature neurons. Thus, Cdk5 has an essential role in the survival, but not proliferation, of adult-generated hippocampal neurons through both cell-intrinsic and cell-extrinsic mechanisms.
I
n the adult brain, neural precursors give rise to immature neurons which mature into granule cells in the hippocampal subgranular zone (SGZ) (1, 2) . This process of adult neurogenesis is orchestrated by signaling intrinsic to the new cells as well as extrinsic or microenvironmental influences in the SGZ niche (2, 3) . For example, the orphan nuclear receptor tailless intrinsically regulates stem cell proliferation (4) and neurogenesin-1 extrinsically regulates fate specification (5) . In contrast to our growing understanding of factors that regulate proliferating cells, the identity and mechanisms of factors that regulate immature neurons remain unclear (3) . Elucidation of the intrinsic and extrinsic factors that mediate the formation of new neurons is critical to understand normal brain development and to realize the therapeutic potential of adult neurogenesis.
Cyclin-dependent kinase 5 (Cdk5) is a proline-directed, serine/threonine cyclin-dependent kinase family member. Its activity is largely restricted to post-mitotic neurons of the central nervous system (6) and depends on association with the noncyclin cofactors p35 and p39 (7, 8) . Cdk5 plays a critical role in neuronal migration during development and is highly enriched in the hippocampus. Therefore, it might be predicted to be important in the formation of immature neurons in the adult hippocampus. This hypothesis is supported by the importance of Cdk5 substrates, including nestin and doublecortin (DCX), in adult neurogenesis (9) (10) (11) . Here, we demonstrate that Cdk5 is critical for adult hippocampal neurogenesis. Using several approaches, we show that ablation of the Cdk5 gene from either SGZ stem cells or from mature dentate gyrus (DG) neurons decreases the number of immature SGZ neurons. These findings emphasize that Cdk5 regulates neurogenesis through both intrinsic and extrinsic mechanisms in the SGZ of the adult hippocampus.
Results

Cdk5 Protein Is Located in Immature Neurons and Mature Granule
Neurons of the DG. Previous in situ hybridization and immunoblot analyses reported high levels of Cdk5 in the embryonic and adult DG (12) (13) (14) . To identify which DG cells specifically express Cdk5 in the adult, a Cdk5 monoclonal antibody (Ab) was generated. Validation of the Ab demonstrated its specificity in vitro and in vivo (see supporting information (SI) Fig. S1 ) and localization of Cdk5 in adult hippocampal cells (Fig. 1A) . Interestingly, Cdk5 was not present in dividing stem-like and progenitor cells, as demonstrated by the lack of colabeling of Cdk5 and green fluorescent protein (GFP) in the SGZ of nestin-GFP mice (Fig. 1B) . In contrast, Cdk5 staining was evident in a subpopulation (Ϸ10%) of ''older'' post-mitotic immature DCX immunoreactive (DCXϩ) neurons (11), identified by their immature apical branching dendrites (15) (Fig. 1C) . As expected, Cdk5 was also expressed in almost all (approximately Ͼ95%) mature granule neurons (NeuNϩ; Fig. 1D ). Thus, Cdk5 is not expressed at early stages of adult neurogenesis, but in later stages, with most mature granule cell neurons expressing Cdk5.
Inducible Removal of Cdk5 from SGZ Stem Cells Prevents Adult
Hippocampal Neurogenesis. Cdk5 Ϫ/Ϫ KO mice are perinatal lethal (16) , impeding examination of the role of Cdk5 in adult hippocampal neurogenesis. Therefore, we created an inducible nestin driven Cdk5 KO transgenic mouse (Cdk5 nKO) that allows specific ablation of Cdk5 from nestin expressing progenitor cells and their progeny. Nestin-CreER T2 /R26R-YFP (17) mice were crossed with floxed Cdk5 (fCdk5) mice (18, 19) to generate Cdk5 nKO mice ( Fig. 2A) . In these mice, the nestin promotor drives the expression of the Cre recombinase-modified estrogen receptor (CreER T2 ) fusion protein in SGZ progenitors. On administration of the estrogen congener tamoxifen (TAM), CreER T2 recombines DNA loxP sites, allowing YFP expression and Cdk5 deletion in nestin expressing cells (Fig. 2 A) . In mice harboring the WT Cdk5 gene, the number of recombined (YFP ϩ ) SGZ cells doubled between 12 and 30 days post-TAM ( Fig. 2 B and C) because of the accumulation of recombined dividing progenitor progeny (17) . In contrast, there was no change in YFPϩ SGZ cells in Cdk5 nKO mice between 12 and 30 days post-TAM ( Fig. 2 B and C) . Thus, removal of Cdk5 from stem cells and their progeny prevents the increase in the number of recombined cells 30 days post-TAM.
We hypothesized that the removal of Cdk5 reduced the number of YFPϩ cells by preventing the maturation of DCXϩ cells into neurons because (i) WT and Cdk5 nKO mice did not differ in the number of YFPϩ progenitor cells 12 days post-TAM (Fig. 2C) ; (ii) Cdk5 is expressed in DCXϩ and mature NeuNϩ SGZ cells ( Fig. 1 C and D) ; and (iii) YFPϩ/NeuNϩ neurons first appear 30 days post-TAM (17) . Indeed WT mice had mature (NeuNϩ) YFPϩ neurons 30 days post-TAM, but Cdk5 nKO mice had Ͻ1.5% YFPϩ cells expressing NeuN (Fig.  2D ). This occurred without a change in the percentage of YFPϩ cells that expressed DCX (WT ϭ 36.3%Ϯ4.7; nKO ϭ 32.1%Ϯ7.3). Together these findings suggest that the reduction in number of mature neurons 30 days post-TAM in Cdk5 nKO mice may be a result of enhanced cell death in the SGZ. In fact, there were significantly more activated caspase 3 immunoreactive (AC3ϩ) SGZ cells at 30 days post-TAM in Cdk5 nKO mice vs. WT controls (Fig. 2E) . Furthermore, embryonic conditional Cdk5 KO mice have no difference in subventricular zone proliferation when examined at an early postnatal time point (20) . Thus, these data suggest a cell intrinsic effect, where Cdk5 expression in immature neurons is required for survival of adult-generated dentate granule neurons. , we next deleted Cdk5 from mature granule neurons and evaluated proliferation and maturation. For this study CamKIICre fCdk5 conditional knockout mice (cKO) were used (19) . Cdk5 cKO mice had less Cdk5 in the hippocampus when compared with WT mice (WT ϭ 100 Ϯ 21.6%, cKO ϭ 37.8 Ϯ 16.2%; t (10) ϭ 2.4, P Ͻ 0.05; n ϭ 6 per group).
The fCdk5 cKO mice exhibited no difference in the number of proliferating cells (Ki67ϩ) compared with WT mice (Fig. 3A) . However, there was a 42% reduction in DCXϩ cells (Fig. 3 B and  C) . To confirm that recombination in the cKO mice only occurred in mature granule cells, we bred cKO mice with R26R-YFP reporter mice. A fraction of mature NeuNϩ granule cells (39.9 Ϯ 1.8%) were YFPϩ (Fig. 3E) . Almost all YFPϩ cells were NeuNϩ, but no YFPϩ cells were DCXϩ (Fig. 3D) . These results indicate that in addition to its intrinsic influence, Cdk5 plays an extrinsic role in the maturation of adult-generated SGZ neurons.
Mice lacking the Cdk5 activating cofactor p35 are viable (23) allowing for the comparison of adult neurogenesis in p35 KO and our conditional KO mice. WT and p35 KO mice had similar numbers of proliferating SGZ cells (Ki67ϩ; Fig. 3F ) but, interestingly, there was a 30 Ϯ 7% reduction in the number of immature (DCXϩ) SGZ neurons in p35 KO mice compared with WT mice (Fig. 3 G and H) . In addition to p35, its homolog p39 also activates Cdk5 and is present in comparable levels in adult brain (12) . However, analysis of p39 KO mice revealed no significant neurogenic phenotype (data not shown). These data confirm the importance of Cdk5 in the development of immature neurons and indicate that the Cdk5/p35 complex predominantly regulates adult SGZ neurogenesis.
Selective Deletion of Cdk5 in Mature DG Neurons Attenuates Neurogenesis. To further investigate the extrinsic role of Cdk5 in hippocampal neurogenesis, Cdk5 was specifically removed from postmitotic DG neurons via adeno-associated virus (AAV)-mediated delivery of Cre recombinase. AAV-Cre was stereotaxically infused unilaterally into the DG of R26R-YFP/fCdk5 mice and histological analysis was conducted. Recombination, as assessed by YFP expression 2 weeks after infusion, was evident in anterior DG granule neurons and hilar interneurons (Fig. 4 A  and B) . Viral-mediated transduction of the DG of R26R-YFP/ fCdk5 but not WT mice decreased the number of immature (DCXϩ) neurons in the injected side by 21% compared with the contralateral side (Fig. 4 C-E) . As in our other models, proliferation was the same between WT and fCdk5 mice (Fig. 4E) . These data underscore that ablation of Cdk5 from mature neurons in the DG impedes the development of new SGZ neurons in the absence of altering SGZ proliferation.
Discussion
Adult hippocampal neurogenesis is a dynamic process comprised of the birth, migration, differentiation, survival, and functional integration of new neurons in the granule cell layer (3). Within a week of cell cycle exit, new hippocampal progenitors extend dendrites toward the molecular layer, and within two weeks extend their mossy fiber axons through the hilus to CA3 (3). Within four weeks approximately half of the new cells in the postnatal hippocampus have survived to integrate into the granule cell layer circuitry, a process reminiscent of pruning during embryogenesis (24) . Progression through each stage is achieved via intrinsic alterations within the differentiating and migrating progenitors as well by a host of extrinsic factors in the hippocampal niche (3). While neurogenesis research has the potential for translation to clinical therapies aimed at cell replacement for neurodegenerative disorders, understanding the factors that govern cell survival and neuronal integration is critical.
Cdk5 regulates actin dynamics, microtubule stability, cell adhesion, axon guidance, and membrane transport through the phosphorylation of a large number of substrates (25, 26) . Cdk5 was first implicated in embryonic cortical migration and has recently been identified as a regulator of postnatal subventricular zone neuroblast migration (16, 20, 27) . Here, we identify Cdk5 as a novel factor that acts both intrinsically and extrinsically to regulate the survival of adult-generated hippocampal neurons. The migration of new neurons in the hippocampus was not overtly modified in any of our Cdk5 KO mouse models, which could be attributed to the requirement of Cdk5 for survival. Our data demonstrate that hippocampal Cdk5 is essential for survival of adult-generated neurons, but not for the survival of preexisting mature granule neurons or hilar interneurons. Whereas the survival of cells in vitro may be Cdk5-dependent (28) (29) (30) , the present study shows that the in vivo regulation of neuronal survival by Cdk5 is cell-type specific. Proliferation and survival of progenitor neurons are likely important contributors to the composition and function of the adult hippocampus. Cdk5 appears to predominantly function in the regulation of pathways involved in the survival of these neurons. Indeed numerous intrinsic and extrinsic progenitor survival factors are Cdk5 substrates. For example, DCX and proto-oncogene B-cell lymphoma protein-2 (Bcl-2) are Cdk5 substrates expressed in immature and mature granule neurons that might intrinsically mediate neuronal survival (10, 31, 32) . In parallel, altered N-methyl-D-aspartate glutamate receptor (NMDAR) activity in mature granule neurons may extrinsically mediate neuronal survival (21, 22) and Cdk5 regulates NMDAR-mediated excitatory postsynaptic currents (18) .
The present study shows Cdk5 is essential for adult neurogenesis. In adults, both neurogenesis (33) and Cdk5 (18, 34, 35) are important in learning and memory. It is also interesting to note that dysregulation of Cdk5 is implicated in neurodegenerative disorders, such as Alzheimer's disease (25, 26, 36) , which are accompanied by deficiencies in neurogenesis (25, 26, 36) . Thus, it is possible that the cognitive impairments that are hallmarks of these neurodegenerative diseases may involve both the loss of existing neurons associated with aberrant Cdk5 activity and the deleterious effects that Cdk5 dysregulation may impart on hippocampal neurogenesis.
Materials and Methods
Animals. Mice were housed in an Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC)-approved facility at UT Southwestern on a 12-h light/dark cycle. The p35 KO (23), p39 KO (37), nestin-GFP reporter (38) , fCdk5 (18, 19) , CamKII-Cre(T50)-fCdk5 (31), and nestin-CreER T2 /R26R-YFP (17) mice have been previously described. Nestin-CreER T2 /R26R-YFP mice were crossed with fCdk5 mice to generate Cdk5 nKO mice, which at 5-7 weeks of age, were given TAM (180 mg/kg/day i.p., 5 days) and killed at 12 or 30 days post-TAM. Mice were genotyped as previously published for Cre (39) , YFP (40), fCdk5 (18) , p35 (23) , and p39 (37) alleles.
Dentate-Specific Cdk5 KO via AAV. Serotype 2-rAAV-Cre was generated as previously described (19) and unilaterally delivered to the DG of adult homozygous fCdk5 or WT littermates (10 -12 weeks old, coordinates from bregma at skull surface AP-1.7, LM ϩ 1.2, DV-2.4, 1 l per injection). Mice received BrdU (150 mg/kg, i.p., Roche Molecular Biochemicals) 2 h before they were killed.
Tissue Collection and Histology. Immunohistochemistry (IHC) was performed as previously described (17) . Mice were perfused with 4% paraformaldehyde and brains were cryoprotected in 30% sucrose in 0.1 M PBS, and sectioned (30 m) on a freezing microtome. Slides underwent antigen retrieval (0.01 M citric acid, pH 6.0, 100°C for 15 min) and BrdU-labeled sections underwent membrane permeabilization (0.1% trypsin in 0.1 M Tris and 0.1% CaCl2, 10 min), and DNA denaturation (2 N HCl in 1ϫ PBS, 30 min). To remove endogenous peroxidase activity, sections were incubated with 0.3% H2O2 for 30 min. Nonspecific binding was blocked with 3% donkey serum (Jackson ImmunoLaboratories) and 0.3% Triton-X in PBS for 30 -60 min. Primary Abs included rat anti-BrdU (1:500, Accurate), rabbit AC3 (1:500, Cell Signaling), goat anti-DCX (1:3000, Santa Cruz Biotechnology), rabbit anti-GFP (used for GFP and YFP detection; 1:500, Invitrogen), and rabbit anti-Ki67 (1:500, Vector Laboratories). The mouse monoclonal Ab for Cdk5 (1:1,000, 1H3) was generated against purified protein at the UT Southwestern Ab Core facility (Fig. S1 ). For double labeling, primary Abs were simultaneously incubated (AC3/YFP, BrdU/YFP, Cdk5/YFP, DCX/YFP; Ki67/YFP) and processed for each Ab separately. For AC3, BrdU, and NeuN, a fluorescent-tagged secondary Ab (1:200, Jackson ImmunoResearch) was used. For Cdk5, DCX, Ki67 or YFP, a biotin-tagged secondary Ab (1:200, Jackson ImmunoResearch) was followed by ABC (Vector Laboratories) and Tyramide-Plus signal amplification (1:50, PerkinElmer). Slides were counterstained with DAPI (1:5,000, Roche). Immunoblot analysis for Cdk5 was performed as previously described (19) .
Quantification of immunoreactive hippocampal cells was performed with an Olympus BX-51 microscope (400ϫ) as previously described and validated (41) . Briefly, an observer blind to experimental groups counted YFPϩ cells via stereology and use of the optical fractionation method through analysis of every 9th 30-m coronal section throughout the SGZ (Ϫ0.82 mm to Ϫ4.24 mm from bregma). For viral-transduced tissue, YFPϩ cells were counted in both hemispheres in 3 sections within the injection penumbra with blinding for injection side and genotype. Phenotypic analysis and classification of YFPϩ cells (Ϸ50 -150 cells per mouse, n ϭ 4 -6 mice per time point) was performed by using a confocal microscope (Leica TCS SL confocal and Zeiss Axiovert 200 and LSM510-META; emission wavelengths 488, 543, and 633, 630ϫ and 1,000ϫ). For scanning and optical sectioning in the Z plane, image stacks were imported into the 3D Velocity (Improvision) reconstruction program for 3-D rendering.
Statistical Analyses. Data are reported as mean Ϯ SEM. Experiments with two groups were analyzed by the unpaired t test. Analyses of three or more groups were performed by using ANOVA followed by a Bonferroni post hoc test. Statistical significance was defined as P Ͻ 0.05.
